ABSTRACT. In the present study, we performed enzymatic characterization of Haemaphysalis longicornis serine proteinase (HlSP) with a view to shed light on the mechanisms of blood digestion in the hard ticks. Escherichia coli-expressed recombinant HlSP (rHlSP) was shown to potently hydrolyze the synthetic substrates Bz-(DL)-Arg-pNA, Z-Ala-Ala-Leu-pNA and Suc-Ala-Ala-Ala-pNA and yielded an activity of 31.5, 88.2 and 18.3 µmol/min/mg protein, respectively at an optimum temperature of 25°C. However, the enzyme showed little activity to hydrolyze the substratese Suc-Arg-Pro-Phe-His-Leu-Leu-Val-Tyr-MCA and Pyr-Phe-Leu-pNA. The optimum pH for the enzyme was shown to be 4.0 to 5.0. Several inhibitors such as antipain, leupeptin and phenylmethylsulfonyl fluoride (PMSF), specific for serine proteinase were shown to inhibit enzyme activity by 20-82%, while E-64 (specific for cysteine proteinases) and pepstatinA (specific for aspartic proteinases) had shown only little inhibitory effects on it. This is the first report on enzymatic characterization of a functional serine proteinase from the hard ticks. KEY WORDS: enzyme activity, Haemaphysalis longicornis, serine proteinase.
Ticks and tick-borne diseases are of extreme importance throughout the world and the associated economic losses are immense. Reliance on acaricides for tick control has led to serious problems which include development of resistance to acaricides that created control problems [5] , and increased the threat to the wide-spread occurrence of the pathogens associated with ticks. In addition, chemical residues in animal products, and the effects of such chemicals on the environment, must be considered when new acaricides are developed.
Proteolytic enzymes may represent interesting target molecules for drug design because of its involvement in the mediation of a wide range of cellular processes such as protein metabolism and the processing of precursor proteins in the living organisms [11] . In haematophagous ticks, blood digestion in the midgut is thought to be the most essential process because it is the source of energy as well as the most critical interface between the ticks and the pathogens that transmitted by ticks. Studies have reported that aspartic and cysteine proteinases exert proteolytic role, in the midguts [8, 13] of the hard tick Boophilus microplus.
The hard tick Haemaphysalis longicornis is distributed in a vast area of Eurasia, including Japan [6] , where it transmits a wide range of pathogens, including viruses, rickettsia and protozoan parasites, causing important human and animal diseases [17] . In particular, H. longicornis serves as a vector of Theileria orientalis, which is the most economically important protozoan infectious disease of cattle in Asia [6] . In contrast to the extensive reports on proteinase activities in haematophagous insects, very little is known about these activities in the hard tick H. longicornis despite of its high vector potentiality.
Recently, we cloned and partially characterized a gene that encodes a functional serine proteinase from the hard tick H. longicornis [9] . The H. longicornis serine proteinase (HlSP, Genbank accession number: AB127388) with a signal sequence was composed of complement C1r/C1s, Uegf, and bone morphogenic protein-1 (CUB) domain, low-density lipoprotein receptor class A (LDL) domain and catalytic domain and has a molecular mass of 50 kDa and a pI of 8.2. The endogenous form of the enzyme was intensely localized in the midgut epithelial cells of the tick and demonstrated to be up-regulated during blood feeding. In this study, we determined substrate specificity and temperature/pH dependent activity of recombinant HlSP (rHlSP). The serine proteinases are one of the largest multigene proteolytic families found in a wide range of tissues and have well characterized roles in diverse cellular activities in mammals. The present study was, therefore, undertaken to elucidate the enzymatic functions of serine proteinases in the hard ticks to increase our understanding on the biology of the blood digestion.
MATERIALS AND METHODS
Preparation of recombinant H. longicornis serine proteinase: Expression and purification of rHlSP was carried out as previously described [18] . Briefly, the coding region of catalytic domain of the HlSP gene was inserted into the pTrcHis B plasmid (Invitrogen, CA., U.S.A.) and transformed into E. coli (Top10F', Invitrogen) following standard techniques. rHlSP was purified by HPLC using metal chelation chromatography (Invitrogen) under denaturing conditions as described in the manufacturer's protocol. Protein eluted with imidazole was concentrated by using Centrisart (molecular weight cut off, 20,000; Sartorius, Goettingen, Germany) and then dialyzed extensively against 20 mM Tris-HCl, pH 7.5 and 250 mM NaCl in a slide-ALyzer dialysis cassette (Pierce, Rockford, U.S.A.). The purification process was monitored by SDS-PAGE. Protein concentration was determined by Micro BSA reagent (Pierce).
Enzyme assay: Enzyme assay was performed as previously described [9] . Briefly, substrate specificity assays with the rHlSP were performed in a standard reaction mixture containing 25 mM citric acid/50 mM sodium phosphate pH 5.0, 5 mM dithiothreitol and 200 µM of chromogenic or fluorogenic substrates. The reaction was started by adding 2.5 µg of rHlSP into the reaction mixture. Enzyme (specific) activity was defined as µmol of p-nitroanilin (pNA) or 7-amino-4-methyl-coumarin (AMC) released by the hydrolysis of each substrate per min per mg of protein. The hydrolysis of Bz-L-Arg-pNA, Z-Ala-Ala-Leu-pNA, SucAla-Ala-Ala-pNA, uc-Arg-Pro-Phe-His-Leu-Leu-Val-Tyr-MCA and Pyr-Phe-Leu-pNA was determined. All of these synthetic substrates were purchased from Peptide Institute (Osaka, Japan). Chromogenic assays were monitored by SPECTRAFLUOR (TECAN, Maennedorf, Switzerland) at 405 nm absorption. Fluorogenic assays were monitored with the wavelength pair of 360-465 nm for emission and excitation, respectively. To determine pH dependent rHlSP activity, we used 25 mM citric acid/50 mM sodium phosphate buffer in the pH range of 3-8 at 25°C. Temperature dependency of the enzyme was determined by incubating the recombinant protein for 5 min in a standard reaction mixture [20 mM citric acid/sodium phosphate, pH 5.0, 5 mM dithiothreitol and 200 µM of substrates in a total volume] at various temperatures (15, 25, 35 and 45°C) .
Enzyme inhibition studies: To determine the sensitivity of rHlSP to inhibition by several known proteinase inhibitors, we examined E-64, antipain, leupeptin and pepstatin A at micromolar range, and PMSF at milimolar range. All inhibitors purchased from Sigma (MO., U.S.A.). The inhibitory effects were calculated by measuring residual enzyme activity upon 500 µM Bz-L-Arg-pNA after the recombinant enzyme preincubated for 15 min in the presence of inhibitors mentioned above.
RESULTS

Enzymatic activity of rHlSP:
We revealed that rHlSP potently hydrolyzed the substrates Bz-(DL)-Arg-pNA and Z-Ala-Ala-Leu-pNA specific for serine proteinase and yielded a maximum activity of 31.5 µmol/min/mg protein and 88.2 µmol/min/mg protein, respectively (Table 1) . However, the enzyme showed a relatively lower hydrolyzing efficiency on the substrate Suc-Ala-Ala-pNA with a recorded activity of 18.3 µmol/min/mg protein (Table 1) . We also achieved a little activity of the enzyme using the substrates Suc-Arg-Pro-Phe-His-Leu-Leu-Val-Tyr-MCA and Pyr-Phe-Leu-pNA. To determine the pH and temperature dependence activity of rHlSP, we used highly typical substrates for serine proteinases, Bz-L-Arg-pNA, Z-AlaAla-Leu-pNA and Suc-Ala-Ala-Ala-pNA. The recombinant enzyme exhibited its activity over a wide pH range (pH 3 to 8) on these substrates. The optimum activity of rHlSP was, however, achieved at pH 4 with the substrate Bz-LArg-pNA and Z-Ala-Ala-Leu-pNA, and at pH 5 with SucAla-Ala-Ala-pNA (Fig. 1A) . Interestingly, the recombinant enzyme also showed its activity over a broad range of temperature (15 to 45°C) (Fig. 1B) and the highest activity was recorded at a temperature of 25°C for these synthetic substrates. These results suggested that serine proteinase in the hard ticks may retain its activity well even the environmental temperature goes under a drastic change as usually occurs in experience summer or in winter months.
Inhibition of rHlSP activity: Several well characterized proteinase inhibitors were tested to inhibit the activity of rHlSP by using the substrates Bz-L-Arg-pNA, Z-Ala-AlaLeu-pNA and Suc-Ala-Ala-Ala-pNA. The activity of rHlSP was most efficiently inhibited by 82% by antipain at a concentration of 5 µM. rHlSP activity was also found to be inhibited over a range of 43 to 75% by leupeptin and PMSF, which were well known serine proteinase inhibitors (Table  2) . By contrast, very little or no inhibitory effect (0-5%) was exerted by the inhibitors E-64 and pepstatin A in this study. The sensitivity of specificity of rHlSP to the well known inhibitors used in the present study indicates that recombinant enzyme conserves its enzymatic features of serine proteinases reported from a diverse source of organisms.
DISCUSSION
Serine proteinases with diverse cellular activities have been reported from a wide range of organisms including mammals, prokaryotes and arthropods [7, 10, 11] as well. Trypsins and chymotrypsins are the most extensively stud- ied group of digestive serine proteinases in haematophagous insects. But in the blood-feeding ticks, only aspartic and cysteine proteinases have been characterized enzymatically [3, 13, 14, 16] . In the previous study, we have identified HlSP gene from the hard tick H. longicornis as a member of the serine proteinase gene family [9] . The deduced amino acid sequence of HlSP showed the highest similarity with the midgut serine proteinase of Rhipicephalus appendiculatus (AAC79567) and also showed similarity with mammalian pancreatic elastases. HlSP has shown to conserve catalytic triad, His-57, Asp-102 and Ser-195 (chymotrypsinogen numbering), which is indispensable for enzyme activity [4] and there are highly conserved regions among mammalian and arthropod serine proteinases. The endogenous enzymes found to be expressed throughout the development of H. longicornis and were localized in the midgut epithelial cells of the ticks [9] . In addition, its expression was found to be up-regulated by the blood-feeding process.
Moreover, the recombinant HlSP was demonstrated to degrade bovine serum albumin. These results indicate its involvement in the blood digestion within the midgut. In the present study, rHlSP exhibited potent hydrolytic activity on Bz-(DL)-Arg-pNA (substrate for trypsin-like serine proteinase) and Z-Ala-Ala-Leu-pNA (substrate for subtilisin A-like serine proteinase), while it shows reduced activity on Suc-Ala-Ala-Ala-pNA (substrate for elastase), and very little activity was achived with Suc-Arg-Pro-PheHis-Leu-Leu-Val-Tyr-MCA (substrate for renin-like aspartic proteinase) and Pyr-Phe-Leu-pNA (substrate for thiol proteinase). Moreover, the activity of rHlSP on the substrates was efficiently inhibited by well known serine proteinase inhibitors such as antipain, leupeptin and PMSF while inhibitors of aspartic and cysteine proteinases had almost no effect on it. These results suggest that rHlSP has Purified rHlSP enzyme was reacted with the chromogenic substrates in the presence of the proteinase inhibitors with the indicated concentration using enzyme assay described in MATERIALS AND METHODS. Inhibitory effect is indicated as percentage of the maximum hydrolytic activity of rHlSP for each substrate.
substrate specificity as a typical serine proteinase. In addition, judging from the efficiency of hydrolytic activity on each substrate for serine proteinases, rHlSP seems to have similar enzymatic activity with trypsin or subtilisin, although it has higher similarity with mammalian elastases in the sequence analysis. We report for the first time on enzymatic characterization of functional serine proteinase of the hard tick.
Different from blood-sucking insects, blood meal digestion in haematophagous ticks is believed to be a slow intracellular process [1, 2] while in the blood-sucking insects it proceeds in the lumen of the intestine. During the first stage of the digestion, the blood meal is being concentrated in the gut lumen and the hemolysis of the red blood cell begins, then in the second stage, component of the blood cells are uptaken into digestive epithelial cells in the tick midgut and intensive digestion starts within lysosomes. The optimum pH of the enzyme involved in intracellular digestion is thought to be around 3.0 [12] , which is suitable to act in acidic environment of lysosomes, and the presense of aspartic and cysteine proteinases proteolytic activities was indicated in the midgut of adult engorged female of B. microplus [8] . However, little information is available about the hemolytic enzymes in the first stage of the digestion. The optimum pH of 5.0 for rHlSP is more close to the pH of the midgut (around pH 6) rather than lysosomal pH, indicating the probability that rHlSP takes part in the hemolysis in the lumen. The presence of putative secretion signal sequence also supports this idea [9] .
Generally, hard ticks have drastic environmental changes in its life. In the case of the three host tick H. longicornis, every autumn they drop off and in the next spring reattach to a new host for each life stage, until finally the adult females lay their batch of eggs. During attaching mammalian hosts the temperature of the circumstance is around 35°C, but after dropping off, it is depending on the ambient temperature. Recently, broad temperature activity profiles were also shown with cysteine endopeptidase purified from eggs of the hard tick B. microplus [15] . Broad preference of HlSP for temperature might be related to behavioral features of the hard ticks. In summary, enzymatic characterization of HlSP would contribute to better understanding of the mechanisms of blood meal digestion as well as host-tick interactions during a blood-feeding process in the hard ticks.
